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THE EFFECTS OF VARIOUS COMBINATIONS OF DAMPING AND
CONTROL POWER ON HELICOPTER HANDLING QUALITIES
DURING BOTH INSTRUMENT AND VISUAL FLIGHT

By Seymour Salmirs and Robert J. Tapscott
SUMMARY

A helicopter flight investigation has been conducted by means of
visual flight maneuvers and Instrument Landing System (ILS) approaches
conducted under simulated blind-flying conditions to permit detection
of the effects of control power and damping variations on handling
qualities.

The results showed that the handling qualities are improved as the
damping is increased {at least in the range of damping covered during
the investigation), but that changes in handling qualities are less
directly dependent on variations in control power. Satisfactory control
powers were found to cover a range with a minimum slightly greater than
that originally available in the helicopter and a maximum of about three
times the original value. Increasing the damping increased the range
of desirable control powers. Summary charts are presented which show
the effects of control power and damping on the handling qualities.
These charts are expected to be useful in estimating desirable charac-
teristics for other helicopters and VIOL types of aircraft and are based
on the results of this and previous investigatigns.

Pilots controlling the cyclic stick with their fingers (as opposed
to holding the stick firmly with the hand) achieved better results and

gradient had little effect on the results as long as some appreciable
gradient was present.

INTRODUCTION

Helicopter instrument flights have indicated a need for improved
handling qualities. The results of references 1 and 2 in particular
have shown that large improvements in handling qualities may be realized

found higher control powers more desirable. The cyclic stick force ST
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from increases in damping (moment due to angular velocity) while the
control power (moment per unit control deflection) was kept at a con-
stant value.

The present paper deals with more recent tests in which the control
power was varied in conjunction with the damping variation in an effort
to supply some information on the effects of control power as well as
determine any interdependence of damping and control power.

In addition, both control power and damping were reduced to very
low values to extend the range investigated and to examine the handling-
qualities effect of low damping values such as could result from high-
speed high-performance helicopter designs as predicted by reference 3.
An extrapolation of the results of references 1 and 2 would indicate
that low damping may very seriously affect the handling qualities since
the helicopter with 1ts inherent damping was considered to be marginal.
Since low control power is usually considered detrimental by pilots, the
investigation included a determination of the degree to which reduction
in control power affects the handling qualities.

The changes in stabllity characteristics durlng these tests were
effected by electronic components because of the broad scope of the
investigation and the advantages to the test program of lmmediate
adjustment of characteristics. In an actual design, however, use of
airframe design methods such as are outlined in reference 4, elther
alone or in combination with automatic devices, would be expected to be
more desirable than reliance on electronic components as was done during
this particular test program.

The results obtained from this Investigation were evaluated on the
basis of the pilots' opinions of the handling qualities and by a sta-
tistical procedure for estimatlng the effects on handling qualities of
the changes made.

DEF INITIONS
control power moment on helicopter produced for a given control
displacement
damping moment on helicopter proportional to and ovposing

angular velocity




RESEARCH HELICOPTER .
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The research helicopter, shown in figure 1, is equipped with elec-
tronic components that permit in-flight variations of control power and
damping of the helicopter. Descriptions of the helicopter and its elec-
tronic components have been given in references 1 and 5 and its physical
characteristics are listed in table I. The electronic components were
modified slightly in this case to permit a reduction in the apparent
damping of the helicopter. In addition, it was possible to vary, elec-
trically, the ratio of control deflection to rotor-blade pitch angle;
thus, the pilot was able to vary his "apparent" control power.

In the present investigation the apparent damping of the helicopter -
was varied from values of about zero to about three times the original
damping of the helicopter. The highest values of damping used were the
values reached and found desirable in reference 1. In conjunction with
the damping variation, the apparent control power was varied from about
one-half that built into the helicopter to values about four times the
original values. The actual values of this helicopter's original damping
and control power as well as the maximum damping increment are given in
detail in reference 5. The original control power, in terms of the
pilot's control displacement, the original damping, and the control dis-
placements measured at the point of application of control force are pre-
sented in table I.

- The helicopter was instrumented with standard NASA recording instru-
ments which recorded pilot's control positions, roll, pitch, and yaw
velocities, heading, airspeed, and Instrument Landing System (ILS) instru-
ment localizer and glide-slope indications. .

FLIGHT PROCEDURES

—

The initial evaluations were conducted through the use of visual
maneuvers including take-off, landing, hovering, quick-stops, and for- e
ward flight at various speeds. Instrument patterns were also flown under
simulated instrument conditions. Primary emphasis, however, was placed
on ILS approaches at low speeds during simulated blind-flying conditions.
The maneuver is sufficiently difficult so that any handling-qualities
differences become readily apparent through the ease or difficulty of
making the approach. The ILS approach applies a fixed standard so that
different pilots can perform the same task; thus the possibility of
quantitative analysis is enhanced.

On each flight involving the ILS approaches, the first and final
approaches were made with the helicopter in the same configuration.




Intermediate approaches were made with variations in damping and/or
control power. In some instances one of the intermediate approaches

was flown in the same configuration as the first and last approaches.
The use of the same configuration in both the first and last approaches
permitted the evaluation, insofar as possible, of any effects of pilot
learning or fatigue. Normally, each flight was limited to five approaches
to eliminate undue pilot fatigue. This limitation also meant that a
flight would be completed in a short time; thus, the effects of atmos-
pheric variations between runs are minimized. Approaches of each flight
are therefore comparable whereas successive flights may not be directly
comparable.

The range of the investigation is briefly 1llustrated in the fol-
lowing table: H

: Damping
Control power
Very low |[1/2 original | Original | High
1/2 original . X X X
Original X X X X
Twice the original X X X
Four times the original X X X
Various powers X X X

) ANALYSIS OF FLIGHTS

The results of the investigation were evaluated by pilots' opinions
of the handling qualities and by a statistical analysis of the records.
The pilots' opinions were used exclusively during the visual flight
maneuvers and while flying instrument flight patterns. On later flights
involving ILS approaches, both the opinions of the pilots and statistical
methods were used. A total of 35 visual and instrument flights were
flown of which 19 were found suitable for the statistical analysis.

Pilots' Opinions

The pilots' opinions of the various eonfigurations of the test
helicopter are the combined opinions of three NASA research pilots
experienced in handling-qualities investigations, John P. Reeder,
James B. Whitten, and Robert A. Champine. A fourth pilot also flew




some approaches during the investigation. All the pilots agreed sub-
stantially on the 901nts presented herein.
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r ; Analysis of Flight Records
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The method used in the statistical analysis is essentially that
described in reference 5. The method required separating the records
of the flight into two categories: pilots' control motions and motions
of the helicopter. The pllots' control motions observed were longi-
tudinal ecyclic, lateral cyclic, pedals, and collective pitch. It
should be noted here that for all the flight records analyzed the con-
trol motions used for maneuvering were relatively small compared with
the total travel available. The helicopter motions were represented
by the roll, pitch, and yaw angular velocities, and airspeed. In the
present investigation the glide slope and localizer indications of the
ILS instrument were also recorded and used in the statistical analysis.

In reference 5, the records of the helicopter's heading were used
in the analysis. For the present report, it was believed that the posi-
tion variation provided by the ILS localizer indications would give a
more pertinent criterion of an approach, since the actual heading devia-
tions depend on the wind which may be expected to be unsteady or to have
variations with altitude. The glide slope was used since it is also one
of the important parameters of the approach.

For the statistical analysis, the records were read at intervals of
1 second. A deviation was considered to exist if at a reading point of
the time history the records indicated an excursion beyond the following
preset limits: airspeed, *3 knots; roll, pitch, and yaw angular veloc-
ities, #0.01 radian/sec; ILS glide slope, +20 percent; and ILS localizer,
+10 percent of the full scale instrument indications. A deviation in the
pilot's control motion records was considered to exist 1if a given reading
differed from the one preceding it by more than 0.5 percent of the total
control travel. The total number of the deviations obtained from each
record in this manner were then divided by the total number of reading
points and the resulting number was labeled the fractional deviation for
that record. A total of 200 to 300 readings for each record was made,
The fractional deviations were then converted to a ratio of the standard

deviation to the limits placed on the recorded values. This ratio minus

one was termed the exceas, thus one excess was obtained for each parameter
recorded during an approach.

The algebraic sum of the excesses for the 10 recorded parameters
obtained during an approach was called the cumulative excess. This cumu-
lative excess has the property that the smaller its value the better the
overall pilot-helicopter performance during the approach. Thus, a single
parameter was obtained for each approach which provided a basis for com-
parison of the pilot-helicopter performance on the different approaches
of a flight. In order to compare the pilot-helicopter performance through
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the use of the cumulative excess, it is necessary to remove all possi-
bility of extraneous effects. In order to accomplish this, the "t"-test
method of comparison described in reference 6 was used. Thls method and
its application to the current investigation are described in detail in
the appendix.

RESULTS AND DISCUSSION

The cumulative excess for each stability configuration and the ref-
erence configuration are presented in tables II to VI and the statistics
used to determine the significance of the results are given below each
table.

Data from representative flights of each configuration are plotted
in figures 2 to 6. These figures show the excesses for each motion of
the pilot and helicopter. In those cases where a negative value of an
excess is present, the algebraic sum of the excesses is plotted and
labeled a total. The cumulative excess for each condition may be obtained
by adding the total for the pilot's motions to that of the helicopter's
motions. :

The Effects of Control Power on Handling Qualities

Very low damping.- Visual flights were conducted during which the
damping of the helicopter about all axes was simultaneously reduced to
very low values approaching zero or slightly negative values. For these
flights, the helicopter's control power was kept at its original value.
The pilots found the low damping to be highly undesirable. Visual maneu-
vers and preliminary instrument flights with the low damping showed the
helicopter to be very difficult to control at times because even small
initial disturbances resulted in large deviations in attitude and flight
path. Even the measurements of damping at these low values were highly
inconsistent because of the very high angular rates and the correspond-
ingly high angular displacements resulting from the small control motions.

For these reasons the ILS approaches flown with low damping were
limited to damping values only about as low as one-half the original
value. It was felt that this value represented about the lowest damping
that could be used for consistent results on the approaches. The flights
of this investigation were flown at an airspeed of L5 knots because it
was believed that the combination of a lower airspeed and low damping
would make the flights unduly difficult.

One-half damping.- The pilots found a combination of one-half
damping and one-half the original control power to be so difficult that
no simulated blind flying was attempted. This combination was character-
ized by large control and helicopter motions, an uneasy feeling on the




part of the pilot, and intense pilot concentration to maintain control.
The results were found to improve as the control power was increased.

ILS approaches at the helicopter's original control power were
feasible and were made. The results of flights with half damping and
the original control power were, however, considerably poorer than
results obtained with the basic hellcopter. Table IT shows the differ-
ences and the significant deterioration in results. Figure 2 is a plot
of the cumulative excess for a representative flight (flight number 1)
showing the results of four approaches. The first and last approaches
were both flown with the helicopter in its original condition. The two
intermediate approaches were flown at a damping value equal to half the
original. When the first and last approaches are compared, it will be
seen that the pillot's motions have been increased during the last
approach, whereas the helicopter's motions remained essentially unchanged.
The approaches at half damping both show increases in the pilot's motions
and also in the helicopter's motions. This result indicates that the
increase in pilot effort at half damplng was required merely to perform
the task, and the task was not so well performed. The pilot's opinions
agreed with the results indicated and they further noted the unpleasant
pronounced and continuous motion of the helicopter during the half-
damping approaches.

As the control power was increased to about twice the value origi-
nally available in the helicopter while the damping was half its original
value, the results of the approaches improved unexpectedly. All pilots
were able to achieve better results with reduced damping and increased
control power than with the original helicopter. Table III contains the
statistical data for these flights and shows the improved performance.
Figure 3 shows the results of one representative flight (flight number 5)
indicating the marked decrease in pilots' motions with increased control
power. The pilots felt that they had a better flying machine with twice
the originally available control power, but had some reservations about
the low damping. Apparently, somewhat questionable compensating charac-
teristics developed that may have contributed to the improved performance.
With the higher control powers greater accelerations were produced with
small control deflections, permitting more rapid correttions to be made
when flight instruments indicated a deviation from the desired attitude.
This effect would probably become a disadvantage with less experienced
pilots flying on instruments. 1In addition, at this low value of damping
errors developed sooner and forced the pilot to act more rapldly. With
the increased control power the pilot was able to make corrections with
considerably less physical effort. The control motions made also had
more effect, and the result was a better approach. Although less physical
effort was required, more mental work was reported by the pilots. In
general, they found that with the lower damping the helicopter was more
difficult to trim and had a pronounced tendency to drift. During pro-
longed instrument flight, it might be expected that the combination of
reduced damping and increased control power will not be as beneficial
as indicated.

i ST



As the control power was increased further, to about four times the
original power, the results again deteriorated. The results in figure 3
for four times the control power show the deterioration of all the heli-
copter's motions and the mild increase in the pilots' control motions.
Some other flights indicated reduced pilots' motions but even greater
increases in helicopter motions.

The pilots felt that a possible desirable combination of control
powers for the three axes at one-half damping might be about one and
cae-half times the original power laterally, four times the original
power longitudinally, and twice the original power directionally. These
opinions are not surprising when the relative inertias about the three
axes are considered. However, approaches with this trial arrangement
showed no particular benefit over twice the control powers about all
axes, as indicated in figure 3, and as commented on by the pilots. The
pilots did feel, however, that twice the control power was slightly too
powerful laterally and not sufficiently powerful longitudinally. Four
times the longitudinal power is apparently too large a figure.

Examination of intermediate control powers with this amount of
damping did not appear to be warranted since this damping value is known
to bé basically undesirable.

Original damping.- The results of control power variations at the
helicopter's original damping are somewhat indefinite. Reduced control
power was found to be definitely undesirable during visual flight. The
pilots felt so strongly about this that no ILS approaches were flown in
this condition. The pilots' comments on the performance of the heli-
copter during the ILS approaches indicated, in general, that they felt
that four times the original control power made the machine too sensitive.
At two times control power the results were more uncertain. The pilots
at times felt they had improved performance and at other times noted no
improvement at all. All the pilots, however, preferred the control char-
acteristics provided by the higher power and thought they would need more
control power than was available originally in order to have acceptable
handling qualities for instrument flight.

v The control powers chosen for trial as a possible desirable combina-
tion (one and one-half the original power laterally, four times longi-
tudinally, and two times directionally) showed no definite improvement
from either the pilots' opinions or statistical results. Figure 4 shows
the results of a representative flight (flight number 7) and indicates
the general effects of the various control powers. For this combination
of control there is a reduction in control motion, as is usual with
increases in control power. However, the helicopter's motions are
increased in this condition and there is no net resulting gain.

When the control power was increased above the original value, there
was no statistically significant improvement, as shown in table IV. As
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shown in the table, the use of the two different cyclic stick spring
gradients had no effect on the results at twice the inherent control
power. The pilots, however, did express a preference for the heavier
springs.

High damping.- Table V presents the statistics of flights involving
increases in control power while the damping had been increased to a
level found desirable previously. There were no significant changes
even when a control power four times the original value had been reached;
thus it appears that at high damping a greater range of control power may
be employed. Some unusual effects of different stick force gradient

appeared at high damping and will be discussed later.

Figure 5 shows the results of a representative flight (flight num-
ber 12) involving high damping and various control powers. As 1s common
with the higher powers, the pilots moved the controls fewer times. Their
success, as represented by the helicopter motions, did not necessarily
improve as a function of control power. Indeed, the powers which were
chosen for trial as a possible desirable combination seemed to show a
deterioration in results when compared with the original. The end result,
however, was no significant difference.

Additional Factors Affecting the
Control Power Investigation

Pilaot technique.- The flights conducted revealed a side effect of
the control power variations that was a result of pilot technique. Three
pilots (pilots A, C, and D) used their fingers for control of the cyclic
stick while resting their forearm on their knee. One pilot (pilot B) flew
with his arm unsupported and held the cyclic control firmly with his whole
hand. For the precision involved in the ILS approach, pilot A reported
a desire for a considerable increase in control power. Pilot B felt
that only a slight increase was desirable and thought that double the
normal value was excessive and contributed to overcontrolling and lack
of precision. Figure 6 shows the results of three flights, one by
pilot A and two by pilot B. In figure 6(a) (flight number 5), when the
damping was reduced by one-half and the control power was varied from
its original value to twice that value, the results are considerably
and significantly improved by the increased control power. In figure 6(b)
(flight number 4) some improvement in the pilot's motions is noted for the
same conditions, but some deterioration in the helicopter's motion is also
noted. For the flight of figure 6(b) there is no statistically signifi-
cant difference between the original and increased control powers. Pilot B
later flew some approaches using the finger technique with essentially the
same results as pilot A as shown by comparison of figures 6(c) (flight
number 10) and 6(a) (flight number 5).
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A pilot using his fingers is capable of much finer control since
the fingers are a much finer instrument than the whole hand and arm.
The finger technique also has the advantage of resting most of the arm
which helps make the approach somewhat less tiring. However, this tech-
nique is satisfactory only if the control power is such that no very
large motions or large stick forces are required during normal flight.
As mentioned earlier, the analysis in this paper is based on flight
records of precision tasks which required very small control motions.

Cyclic control-force gradient.- The cyclic stick and pedals had
only an electrical link with the swashplate and tail rotor. The forces
felt by the pilot were those supplied by centering springs. For this
investigation, two sets of cyclic stick springs were used: one with a
gradient of 5 ounces per inch and the other with a gradient of 1 pound
per inch, both measured at the center of the stick grip.

Pilots generally favored the feel provided by higher gradient, par-
ticularly at the higher control powers. In flights conducted with one-
half damping and one-half control power, in which the controls were some-
times moved to full travel and often through large amplitudes, the higher
spring gradient was, however, felt to be unsatisfactory. Statistically,
little difference was noted between the two gradients. Statistical com-
parison (table VI) of two conditions (high damping with original control
power and high damping with four times original control power) with light
springs showed an improvement resulting at the higher control power. A
comparison of the same two conditions, but with heavier springs, shows
some apparent improvement at higher control powers, but the difference
was not significant. Pilot opinion in general favored the helicopter
with high control power when light springs were used. However, with
heavy springs and high control power, the pilots commented on the
increased level of concentration required to prevent a Jerky response
and did not particularly feel they had a better flying machine than
with the helicopter at high damping and the original control power.
Although considerably more work would have to be done on force gradients
and other control force characteristics before definite conclusions on
optimum gradients could be reached, this investigation shows that the
effects of changes within the range tested here are secondary. This
result is compatible with previous experience which has suggested that,
although having a definite gradient produced improvements over having
no gradients, further changes in gradient usually produce no sharply
defined effects on ease of flying.

Summary Charts of Effects of Damping and Control Power

In order to examine the overall effects of all the individual tests
covered in this investigation, summary charts are presented. These
charts are presented in two ways: first, by the direct use of damping
and control power, and second, by using response quantities and damping.
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Definitions of handling-qualities classifications.- The following
classifications are listed and defined to facilitate discussion of the
degree with which the variations in control power and damping affected
the desirability of the handling qualities:

Desirable - Good handling qualities for instrument flight operations
Acceptable - Acceptable for instrument flight operations

Minimum acceptable - Acceptable for emergency instrument flight
operations only

Marginal - Acceptable for visual flight operatlons only
Unacceptable - Unacceptable even for visual flight operations.

Boundaries of the classifications.- The general effects of combina-
tions of damping and control power are summarized in figures 7 and 8.
Figure 7 contains plots of the various combinations of control power
and damping listed and (through use of the previously defined terms)
contains an indication of their desirability. The points plotted repre-
sent actual test conditions, and the boundaries are the results of esti-
mates based on the pilots' opinions together with the statistical results
at adjacent test points. Both the present results and those of refer-
ences 1 and 2 are used. These boundaries are necessarily interpolated
or even extrapolated from the results and are therefore not sharply
defined lines. It is always doubtful whether sharp divisions can be
made covering such quantities as handling qualities. However, the areas
do represent good estimates providing an overall picture of the results
and may be expected to be reasonably reliable.

The initial angular acceleration about the various axes is directly
proportional to the control-power multiples shown in figure 8, since the
inertia is fixed (for example, twice the control power about any axis
will produce twice the initial angular acceleration). For convenience
in applying the results to other aircraft, a second abscissa scale Indi-
cating the ratio of control power to inertia has been-marked on figure T.

The curves of figure 8 present essentially the same information as
figure 7 except that the control power variation 1s replaced by the per-
tinent response quantities similar to those referred to in reference 8.
Figure 8(a) shows the effects of control power as represented by the
pitch attitude change obtained in the first second following a l-inch
longitudinal cyclic stick displacement. The values are those calculated
by means of reference 7 for the airspeed used in the flight tests,

45 knots. Since airspeed has only a very small effect on the pitch
attitude change, this parameter was selected in preference to others
which would also reflect variations in control power, but which would
be more susceptible to change with airspeed (for example, normal
acceleration).
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Figure 8(b) shows the results about the roll axis plotted in terms
of the maximum angular roll velocity reached. It will be noted that
the requirement of reference 8 (shown in figure 8) is not adequate to
limit a great area of undesirable conditions. The maximum angular
velocity is also a function of both damping and control power. In order
to separate these two variebles, figure 8(c) is presented. - The control
power 1n this case is represented by the roll attitude change in the
first second following a l-inch lateral stick displacement. This
method is a more reliable measure of control power since the angular
velocity will not be large up to 1 second and the damping will have
only a small effect on the attitude change.

Figure 8(d) shows the results in yaw. The requirements of refer-
ence 8 are shown and again there are large undesirable areas which are
not excluded by these requirements.

The application of the boundaries.- A survey of data available on
various helicopters and some other VIOL configurations indicates that
the handling-qualities boundaries may be expected to apply reasonably
well to low-speed aireraft in the range of 2,000 to 10,000 pounds gross
weight. Based on examination of the problem it may be expected, how-
ever, that, when a larger range of gross weights is considered, the
control power boundaries will shift with aircraft size, the smaller air-
craft requiring the higher ratios of control power to inertia. Thus,
for the larger aircraft, both the minimum and maximum initial angular
acceleration values found desirable may be somevwhat lower than those
shown on the charts. It should be possible to apply the values shown
on the charts to larger machines by considering some factor such as
ratio of gross weight, inertia, or other typical characteristic of
larger size. 1In addition, other factors (such as low degree of weather-
cock stability) may affect the need for initial angular acceleration
and thus shift the range of desirable values of control power for a
specific configuration. The determination of these factors, however,
is beyond the scope of the present paper. Similarly, examination of the
problem suggests that the minimum damping to inertia ratios will vary when
extreme ranges of size are considered. With these same reservations,
the charts should also have application to other vertical-take-off-and-
landing (VIOL) aircraft as well as the pure helicopter because of the
basic nature of the parameters.

The charts can be used as a gulde during initial design by first
locating, on the abscissa of figure 7, the ratio of control power to
inertis of a proposed helicopter or VIOL. The damping-to-inertia ratio
can then be located on the ordinate of the figure and an estimate of
the handling qualities can be obtained.

The ratio of demping to inertia can be determined by first finding
the damping moment about each axis, in units of foot-pounds per radian
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per second, and then dividing by the inertia about that axis in units

of slug-ftz. An increase in damping (or control power) supplied by
autonatic devices can also be considered by adding the moment caused by

this equipment to the basic value before finding the ratio needed to
enter the charts.

Of the possible ways of using the charts, this particular method
of application was considered most appropriate at present since it has
the advantage that it enables the use of the charts for both tandem-~
and single-rotor helicopters, as well as other VIOL configurations, on
roughly the same basis. In cases where an unusual control system other
than the cyclic stick is used, it may be more appropriate to consider
percent of control travel or other similar criterion rather than the
inches of travel.

For a machine in the flight stage it may be more convenient to
make use of the charts in figure 8. At this stage the inertia will
usually be known or can be determined. The damping cen be determined
from flight tests, as can the response quantities of figure 8. These
charts can then be used as a general gulde to determine the direction
in which a change may be made to improve handling gqualities or to esti-
mate the effect on handling qualities of other design changes.

CONCLUDING REMARKS

An 1nvestigation of the effects of combinations of helicopter con-
trol power and damping has been conducted. The improvement in handling
qualities as the damping 1s increased, which is clearly shown in previous
investigations, is further confirmed by these results. The effects of
control power variations are not equally definite. The control powers
found to be desirable fell in a range which increased slightly as the
damping was increased as long as both control power and damping were
above minimum values. However, the control power becomes excessive at
high values while, as noted previously, the highest damping examined
contributed to improvement in the handling qualities.

If the pilot used his fingers for holding and controlling the
cyclic stick while resting his elbow on his knee, he had a much finer
means of control and was more successful than if he held the stick with
his hand and moved both hand and arm for control.

The effects of changes in the c¢yclic stick force gradient within
the range tested are secondary.

a4l
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Charts have been presented summarizing the effects on handling
qualities of both control power and damping and outlining areas from
unacceptable for visual flight to desirable for instrument flight. It
is expected that these charts may be generally applicable to aircraft
in the 2,000- to 10,000-pound range of gross weights. Where larger
ranges of gross welghts have to be dealt with, it is anticipated that
some reduction in the range of control power indicated as a function of
gross welght, inertia, or physical dimensions will prove desirable.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., May 7, 1959.
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APPENDIX

THE STATISTICAL COMPARISON OF DATA

For the evaluation of the effects of changes in stability configu-
ration, the flight program was organized so that the first and last
approaches in a flight were flown with the reference configuration. A
direct comparison of the cumulative excess measured with a configuration
change with the values of cumulative excess measured in the reference
configuration proved to be not feasible, however, in view of a consistent
tendency for the overall pilot-helicopter performance to be better on the
last approach than on the first. The cause of this trend apparently lies
in the exigencies of scheduling and operation which often necessitated
long delays between flights. Despite familiarization exercises prior to
data collection, it is considered that there was a certain amount of
pilot learning or refamiliarization during the course of s flight and
that this factor accocunts for the observed trend in values of cumulative
excess. Because of this trend, the tests of significance used in refer-
ence 5 were modified in the present study, and a standard procedure more
adapted tc the present set of data was employed. This procedure utilized
the so-called "null-hypothesis" method and the "t-test" as outlined in
reference 6.

Comparison by Use of the Null Hypothesis

In order to evaluate the effects of configuration changes, the null-
hypothesis method requires the setting up of an hypothesis, or assumption
about helicopter approaches, and use of a statistical test to decide
whether a particular set of approaches differs significantly from the
assumption. The hypothesis made is that changes in stability configura-
tion have no effect on the pilot's task or the helicopter performance.

If this hypothesis were true, it would be expected that the cumulative
excess, which measures pilot's task and helicopter performance, would not
change and that, if a value measured in the changed configuration differs
from one for the standard configuration, this difference is due not to

‘the changed configuration but to random causes which affect the deter-

mination of a value of cumulative excess. If differences are determined
by chance alone, it would be expected that a number of such differences
would be randomly distributed about a mean of zero. A question of sta-
tistical estimation is thus indicated: For a particular change in con-
figuration if the mean value of a number of differences is given, does

it differ from zero by an amount which is greater than should be expected
on the basis of chance alone? The "t" test provides a standard technique
for assessing the significance of an observed mean of a number of differ-
ences and thus of judging whether the null hypothesis is violated.
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The "t" Test

The "t" test is a general test for assessing the significance of
the difference between an observed mean value of some quantity and the
expected value of the mean. Based on the properties of a normal distri-
bution, use of the test requires the calculation of three quantities or

_ statistics which in the present case are characteristic of the set of
EE AR differences x; being judged. These statistics include the mean x of
the set of differences, the best estimate s of the standard deviation
of the set, and sz, the best estimate of the standard deviation of X.

The value of t 1is then defined as the ratio of the difference between
the observed mean and the assumed mean (zero) to the standard deviation
of the mean. These quantities are conveniently computed from the formulas:

X = ;11—' Z.(Xi)

2oL sx - 5)°
n' -1

n'%(x1)° - (£x1)°

n'(n' - 1)
s
sg = fﬁ
e %
where e
X5 a difference of cumulative excess
' n' number of differences
Q\ x mean of differences of cumulative excess
s best estimate of standard deviation of differences of cumulative
excess
s% best estimate of standard deviation of X
n number of degrees of freedom, n' - 1

and the symﬁol Z 1s used to indicate summation over the sample range
from 1 =1 to i =n’.
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The test of the hypothesis is made by comparing the calculated
value of t with a value t, obtained from standard tebles. (see, for

example, table IV of ref. 6.) As used in the present study the value

of t, selected corresponds to a probability of 0.05 or 1 in 20 for the
number of degrees of freedom n available for the test. The values

of n and t, are shown on each of the result tables of the present

paper. The criteria used are: 1if +t < t,, accept hypothesis; if
t S t,, reject hypothesis. Acceptance of the hypothesis thus implies

that the changes in stability configuration have had no effect; rejection,
on the other hand, implies that the differences in cumulative excess are
too large to be explained by chance alone and thus presumasbly are the
result of the stability configuration change.

Limitations of the Comparison Procedure

Use of a statistical technique to assess the effects of a given
change in damping or control power does not, of course, guarantee that
in any particular instance a large value of the mean difference 1is the
result of the change in configurations, not of random effects nor, on
the other hand, does the test provide a guarantee that a small value of
the mean is not the result of random effects which have operated to
obscure the effects of a configuration change. Selection of the prob-
ability level of 0.05 does imply, however, that, 1f the test 1s used in
a number of cases to accept or reject, the decision will be wrong on the
average only once in about 20 times. Furthermore, it takes into account
the relative levels of significance which can be attached to tests where
only three or four comparisons are available as compared with tests where
a larger number of comparisons can be used.

Comparison of First and Last Approaches

As an example of the procedure and to illustrate the need for this
particular method of analysis, a comparison of the first and last
approaches in 12 flights is given in table VII. The mean difference in
cumulative excess is -1.743 and is indicative of improvement in overall
performance. The value of 1 1s 2.33 which exceeds the value of
th = 2.20. The improvement is therefore judged to be real and, as stated

Previously, is ascribed to pilot learning. Thus, even though the first
and last approaches were flown in a standard configuration, comparison
with the standard is complicated by the learning trend, and some loss of
Precision has been sustained in making comparisons. The statistical
technique described in this appendix and considered applicable to these
circumstances was employed.

¥
i e S
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TABLE T.- PHYSICAL CHARACTERISTICS OF THE

Gross weight, 1b . . . « . « . . . . . .

Moments of inertia:
Pitch, slug-ft2 . . v v v v v o o o o .
Roll, slug-ft2 e e e s e o o e e 4 e o
Yaw, slug—ft2 c s e e e s e e e e s e s

Number of blades in main rotor . . . . . .
Rotor rotational speed, radians/sec . . .
Rotor diameter, f£t . . . . . . . . < . . .
Height of rotor hub with respect to center
Blade mass factor . . .« « ¢ ¢ & « &+ 4 . @
Horizontal stabilizer area, £t2 . ... .
Control travel:

longitudinal cyclic, in. e e e e e e

Lateral cyclic, in. . « . . ¢ ¢ ¢ ¢ « &

Pedal, in. D T T T T
Control power:

Pitch, ft-1b/in. of control travel . . .

Roll, ft-1b/in. of control travel . . .

Yaw, ft-l1b/in. of control travel . . . .
Damping :

Pitch, ft-lb/radians/sec . . . . . . . .

Roll, ft-lb/radians/sec . . . . . . . .
Yaw, ft-lb/radians/sec . . « . . . . . .

TEST HELICOPTER

of gravity,

19

. 5,500
. 7,000
. 2,000
. 5,000
. 3
. 19.4
. 48
. 6.5
. 9
. 8
. 13.6
. 13.6
. Y75
. 508
. L7h
. 4,140
4,640
2,495

. 10,600
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TABLE II.- COMPARISON BETWEEN ORIGINAL AND ONE-HALF DAMPING

[briginal control power; 1 lb/in. spring gradiena

Difference
Flight | Comparison |Original One-half L
damping % x2
1 1 5.63 9.01 3.%8 11.42
1 2 6.79 9.01 2.22 4.93
1 3 T.17 9.01 1.84 3.39
1 I 5.63 9.72 4.09 16.73
1 5 6.79 9.72 2.93 8.58
1 6 T.17 9.72 2.55 6.50
2 T 8.37 11.66 3.29 10.82
2 8 T.79 11.66 3.87 14.98
2 9 8.37 6.68 -1.69 2.86
2 10 T.-79 6.68 -1.11 1.23
3 11 5.94 8.56 2.62 6.86
3 12 5.67 8.56 2.89 8.%5
-~ n' =12 —— | = (x) = 26.88 | =(x2) = 96.65
Computed statistics:
n =11 S = 0.526
'
x = 2.24 t=4.26
s = 1.82 ty = 2.20
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TARLE V.- COMPARISON BEIWEEN ORIGINAL AND TWO TIMES CONTROL POWER

[High damping]

(a) 5 oz/in. spring gradient

Two times Difference
Flight Compearison Original control
power x x2
16 1 T.73 8.16 0.43 0.18
17 2 5.66 9.72 k.06 16.48
17 3 5.66 L.73 -.93 .86
17 I 8.48 9.72 1.24 1.54
17 5 8.48 .73 -3.75 14 .06
i 18 6 13.50 14.81 131 1.72
19 T 774 5.8% -1.91 3.65
§ 19 8 6.34 -5.8% -.51 .26
¢ - a' =8 | emmee | - 2(x) = -0.06 | =(x3) = 38.75
! Computed statistics:
§ n="T7 £ -0.83%
3 n'
é x = -0.008 t = 0.010
8 = 2.35 ty = 2.37

2 ek 2ol e A ool £ B 1

(v) 1 lb/in. spring gradient

Two times Difference
Flight Comparison Original control
power x x2
h 11 1 8.91 1.31 -7.60 57.76
' 11 2 4.03 1.31 =2.72 7.40
¢ 12 3 3.62 1.60 -2.027 4.08
: 12 I 3.2% 1.60 -1.63 2.66
--- n' = b —_— —— (x) = -13.97 | =(x®) = T1.90
Computed statistics:
n = 3 _S__ = 1.589
Vo'
X = -3.49 t = 2.52
s = 2.78 t, = 3.18
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[yigh damping]

(a) 5 oz/in. spring gradient

TABLE VI.- COMPARISON BETWEEN ORIGINAL AND FOUR TIMES CONTROL POWER

Four times Difference
Flight Comparison Original control
power b 4 x2
16 1 T.75 k.27 -3.46 11.97
17 2 5.66 5.91 .25 .06
17 3 8.48 5.91 -2.57 6.60
19 L 7.4 5.39 -2.35 5.52
19 5 6.34 5.39 -.95 .90
_— n' =5 ———- ——- £(x) = -9.08 2(x2) = 25.05
Computed statistics:
n = )-I» __S__ = 0.651}
V'
% = -1.816 t =2.78
S = l.ll»6 tn = 2.78
(b) 1 1b/in. spring gradient
Four times Difference
Flight Comparison Original control
power X x?
11 1 8.91 1.36 -7.55 57 .00
11 2 4 .03 1.36 -2.67 T.13
12 3 3.62 2.05 -1.57 2.46
12 4 3.20% 2.05 -1.18 1.39
——- n' =4 — ——— 2(x) = -12.97 | =(x?) = 67.98
Computed statistics:
n=3 £_ -7
Vo'
X = -3.24 t = 2.20
s = 2.94 t, = 3.18
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, TABLE VII.- COMPARISON OF THE CUMULATIVE EXCESS OF THE
: FIRST AND LAST RUNS
L Difference
3 Flight | Comparison Filrst | Last
™un run % xg
1 1 5.63 | 7.17 1.54 2.37
2 2 8.371 7.89 -.48 .23
] 3 3 5.94 | 5.67 -.27 .07
4 L 11.801 7.10 -4.70 22.09
5 5 9.03 | 8.57 -.46 .21
H 6 6 7.39 1 5.73 -1.66 2.76
2 T 7 6.72| 1.37 -5.35 28.62
: 8 8 5.05] 1.03 -4.02 16.16
g 9 9 T.-49 | 4.76 =2.73 T.45
: 10 10 5.2 7.91 2.49 6.20
4 11 11 8.911 4.03 -4.88 23.81
% 12 12 3.621 3.23 -.39 .15
§ - n' =12 | eoee- -me= |5(x) = -20.91] £(x2) = 110.12

Computed statistics:

; n=11 £- = 0.558
K F=-1.T43 £ = 0.747
n' -
s = 2.59 t= 2= LT3 233
s/\fr;T 0.747
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Figure 1l.- Helicopter used in investigation.

T T e

ARG AR B e R LR,




C

T (028 8

*Butdurep JTBY
pue TBUTSTIO Y3TM Jamod TOIJu0d TBUTBTIO 9B SUOTJOW §,199d00TT9Y pus $,30TTd -'2 9INITI

£800X9 .Hm,mb.n.m&
9 n 2 (o}

Nl

-
—
—

4

Te30L %
J927 8007
edoTs 2pTTD
AqypooTeA mex .“....._
£3700T8A 4931d _,_
- £97o0TeA TTOW

suojou Jaj3doofrey —

=

=

peadsaty =
ool T SUOTIOW TOIJUOD 8,30TTd —

TeJeje] M

TeuTPM 30T imaw
. . n
sTepad |~

@AT109TT00
B s s R R R R

20¢g-1

AAAAAAARARAAAAAAAAAAAAAAAAAAAARAAAAAN

9006000808008 000000¢80800400008080000

AaasasAsccuLIANNSsAsRRARARRRRRSRASY
L
s a8s
U
P el e Y

¥ e LA
RAAAAAAAAAAAAAAAAALAAAAAAAAMAAAAAS
‘ASAASSAALAAASARENANARNSOPRRARRANA

e 1

ASSRNRRARARACRIQIRAR

P

*u0T9BBTASSAUT UT pasn I93dodTTH -1 aan3t1d

TeUT3TI0

2/t

2/1

TeuT31I0

Teutdta0

2/t

2/t

TeuT3TI0

Butdureq




28

sgxomod ToIquod snotaea pus JFurdwep JTBY 38 SUOTIOW s,199d0o0TTaY pu® §,30TTd -'¢ aanITJd

Te30lL 5000
J9Z1e00T
ado7s ePTTO
£3700T8A mEL
£y700TOA O2Td
Aqp00TaA TTOH
peadsaty

W suotrou J93dodfTeH —

T30l
Tedaje]
Teutpn3TducT
sTepad
SATIOBT 10D

wL I
AT

T

et

o1

£500X8 TeY3Jaed

9

z-

([

-
»
L)
.

|

—-—— e

suoyjou

10a3u00 8;30T1d ' —

1

AAAAAAAAMRRARAAAA
OAAAOAAOOOOO000CHCRO00N0
WasaseracssaneenssansRNy

Teuisto
xn

uoTpeUTqUOD
Tetay

Xz

Teur3 L

TeuT2TI0

N
UOTIRUTQWOD
Tetral

Xz

Teutdti0

asmod TOoX3u0d

Teut3 T
Z/T

/1
2/t

TeutdTa0

TeuIS T
2/t
/1
/1

TBUTI TI0
3utdureq

I IR,




29

*saomod TOI3U0D snoTIeA pue Jurdwep TBUTITJIO UYJTM SUOTlow $,I99dooTToY puB 8,30T1d -4 san3dtd

§890X9 TeT3IBd

i [4 ot ] 9 n A 0 2=
— T T T
|
TeUT3TI0
xn
Tej0l
i o2 ]Te00T SuoTOu a99dooT T ] Yz
edoTs epITH
Lq100TOA MEX HoT4RUTqWOO
&£ po0oTes yogd Tetal
La100TeA TTOY RERRRHNHEE
poedsaTy TeutdTIo
, >
! Teut3T0
bu ]
| suoTjow TOJJUOD 8,30TTd ] X2 R
i
T®300 ity
! Telaqe] == UOT3BeUTqWOD
TeUTPnaTauoT (hu¥ TeTaL
i steped '
| e e
> Zemod TOJIRUOD |

L yTh g o s WY s @ R 1 e ket




30

*saamod TOIQUOD SNOTJIBA 3B

2t 01 8

8800Xe TWTIJIed

Surdurep yYITY Y3TH Suofjowm €,I93dodTTSY pus 8,30TTd -G 2an3Td

N.I

T30l
192118001
edots epTTd
£3700T8A MEX
£3700T0A YIITd
AapooTeA TTOM
pesdsaty

=l

-
=N

[ =

Te90L %
Tetere ==
TeuypnyT2ucT .uulm
sTeped
9473007100

e

suotjouw xeqdootrTey —

suogjouw TOJIJUOD §,30TTd —

Teutdtay

M

X2

uoTHRUTqEOD
TeTL

TeuTsTL

TeUT3TI0

Xz

UoT3RUTQEOD
TeTdL

TeutdTa0
Jamod TOI3U0)




|

| o

PR

FerYl

~
L3

oL W W

-wHM AH .
,fadd pus I5M0d TOIRUOD JO SUOTHEUTAWOD SNOTIBA 38 SnbTwyoay 30TTd JO §309JJF -'9 oInITd

*(enbtuydssy I38uTy) V 30TTd (®)

§600X0 TBI3I8d

r T _ ! ' _ _
oL , ,
J931T800T == , ] |
= = RN _
e gé (i (111
£370070A mEX 18 S
[l
Ka1o0TeA YOITd suoTjou JeqdooyyeH —
£3300TeA TTOY '
e
| I—
Te3ol il
Telx9qe1 ||"|...Il suog3ow Tox3uod 8330TTd ~1
Teutpnaauoy X .
sTeped
BAT28TTO0) 5__\__@

T

U g S TN B R ), Y YN URARAN ) 0 AR IBVARPIN RPN nlA L APII Rr hN ) s APPSR B it R R IR . .
. . Y .

Teui27.3 TeuSTY
Xe 2/t
Teurdta0 TeuTltap
Teut3Ta0 Teup3tao
X2 2/T
Teut3Tao Teur3tap
Jamod TOJIUOD Suypdureq




32

-

Te30l

2927 Te007
edols @pTTD
Aqp00TaA mMeX
£y1o0TaA Y9ITd
A3tooTeA TTOH
peadsayy

.

Te30] ”.”.”.”.

Tedaqe]
Teuypny 13uo]
sTepad
SAT}09TT0D

xiill

')

il

suoyjou 199dodFToH —|

-~

i

,‘;hr"

"

*panUTIUOY =°g SINITJ

- (embtuyooy pusy) € 30TTd (4)

£880X® TETqIBJ

-

SUOTIOU TOIRUOD §,30TTd —

Teut8Tap

X2

X2

TeutdTI0

Teut3ta0

Xz

X2

Teuidt1a0

Jomod TOayUOD

Teutdtin
2/t
2/t

Teutdtao
Teutdtao

2/t

2/t

Teutdtpo

Futdunq

e A 2 W




33

‘PapuTouo) -*9 aanItg

* (snbtuyoag I93uTy) € 30TTd (°)

§600X9 TET4IBg

Teut3Tp

/1

Teutsta

Teu3120

/1

Teindtap

Surdureq

1 2t ot g 9 n 2 o z
Tejol T T J T
19ZTTR00T == > TBut31I0
sdots ep1o |_
. Uil Xz
3TI0TOA MBX tes
£4100T0A YOO _=_ suopjon J8qdoojral —
£3100T8A TYTOY |
poedaiy = TeuT2120
=
TeuTSTI0
Tejol ;i
Teasye] m SUOTIOUW TOIIUOD 8,%0TTd — b ¢4
TeuTpmypduoT amay
a
sTepad
8AT390TT0D ________ Teurd 3o
Jomod Toa3u0)
_ ‘)




N

3L

25+~
dl LAl @ )
ol@ly 207 & o Desirable
25l o £ am Acceptable
“l8l8 15 2 e i
=1 € Minimum acceptable
8 o T Marginal
oo - 8 o[ Unacceptable
&l 5 @8
. a
g E ; [N 1 t ] 1
8 © 2 3 475 6
Control-power multiples
| P— 1 4 JESER—
0 J 2 3 4
Control power | ft-ib/in
Inertia slug- ft?
(a) Pifch axis.
5 4r
b o
o3[ 4‘ s
2§18 . 3
"g > 3{ E
= P2
N 2] &
& o 5 E
g'é o'y
8§ L
OL O i 1 3 N I
0 1 2 3 4 5
Control-power multiples
| SR S SN U S
0 2 4 6 8 10
Control power | ft-Ib/in.
Inertia slug-ft 2
(b) Roll axis.
10
3
al?|d 8 2
PO F - a
“lef2 st 3
8" | E
- 4l €
Zle £
g s 2 8 o
ol &
Q o
ot 0 4
0 1 2 3 4

Control-power mutltiples

i 1 .
0 10 20 30 40
Control power | ft-ib/in
Inertia slug-ft2
(c) Yaw axis,

.

Figure T.- Handling-qualities boundaries as a function of damping and

control power.
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